Abstract It has long been appreciated that the mammalian kidney arises via reciprocal interactions between an epithelial ureteric epithelium and the surrounding metanephric mesenchyme. More recently, lineage tracing has confirmed that the portion of the metanephric mesenchyme closest to the advancing ureteric tips, the cap mesenchyme, represents the progenitor population for the nephron epithelia. This Six2 + Cited1 + population undergoes selfrenewal throughout nephrogenesis while retaining the potential to epithelialize. In contrast, the Foxd1 + portion of the metanephric mesenchyme shows no epithelial potential, developing instead into the interstitial, perivascular, and possibly endothelial elements of the kidney. The cap mesenchyme rests within a nephrogenic niche, surrounded by the stroma and the ureteric tip. While the role of Wnt signaling in nephron induction is known, there remains a lack of clarity over the intrinsic and extrinsic regulation of cap mesenchyme specification, self-renewal, and nephron potential. It is also not known what regulates cessation of nephrogenesis, but there is no nephron generation in response to injury during the postnatal period. In this review, we will examine what is and is not known about this nephron progenitor population and discuss how an increased understanding of the regulation of this population may better explain the observed variation in final nephron number and potentially facilitate the reinitiation or prolongation of nephron formation.
Introduction
The role of the nephron progenitors in mammalian kidney development
The mammalian kidney arises via reciprocal signaling between two distinct mesodermal derivatives; the ureteric bud (UB) and metanephric mesenchyme (MM) [1] . As the UB invades the MM, it produces morphogens that induce aggregation of the mesenchyme around the UB tips to form what is variously referred to as committed, capping, or cap mesenchyme. Throughout the rest of kidney development, this cap mesenchyme (CM) population exists in apposition with each ureteric tip (Fig. 1) . A subset of cells within each CM forms a pre-tubular aggregate (PA) before undergoing a mesenchyme-to-epithelial transition (MET), thereby forming a single epithelial renal vesicle (RV) (Fig. 1) . The formation of an RV represents the 'birth' of a single nephron. While described as distinct entities, the transition from CM through PA to RV is a continuum, as has become evident in the lack of definitive non-overlapping markers of each stage. PA is histologically recognized by the compaction of cells in a distinct spatial region with respect to the adjacent branching tip prior to the presence of apical-basal patterning or lumen formation. As such, PA cells continue to express some CM markers (e.g., Six2) while already expressing factors involved in epithelialization (e.g., Wnt4, cadherin 4) [2] (Fig. 1) . Cells of the RV express cadherin 6, lose Six2 expression and develop a central lumen, indicating the acquisition of an epithelial phenotype [2, 3] . The functional epithelia of the final nephron then forms via a process of elongation, segmentation and patterning of this initial epithelial structure to move it from RV to comma, then S-shaped body, after which distinct convoluted proximal and distal tubules arise separated by an elongating loop of Henle. The far proximal end of this tubule becomes vascularized to form the glomerulus while the other end fuses with the ureteric epithelium to form a patent uriniferous tubule [1] [2] [3] [4] [5] [6] . Via continued ureteric epithelial branching and RV induction, the full complement of nephrons is formed before cessation of nephrogenesis just before or at birth, depending upon the species [7] . The ability to form the 3,000-5,000 nephrons per kidney in a mouse, or the 200,000 to 2 million nephrons per kidney in the human [8] relies upon the survival and turnover of the CM throughout development.
The distinction between the role of the MM and the CM in formation of the nephrons arose via seminal studies investigating the role of the transcription factor Six2. This gene is expressed in the CM and mice lacking this gene show premature epithelialization of this region, leading to a loss of the compartment for subsequent nephron formation [9] . The resulting kidneys are small and show limited nephrons or branching and no remaining CM. Driven by the same promoter, elegant lineage tracing experiments proved that it is this specific region of the MM that gives rise to all the epithelial elements of the nephron, excluding the collecting duct [6] (Fig. 2) . Via the use of a tamoxifeninducible construct, Kobayashi et al. [6] were also able to show that the CM becomes specified as the ureteric tip enters the MM (embryonic day (E) 11-11.5 in mouse), but that after that time, no additional cells enter the CM from the MM, stroma or the tip. Via quantification of the number of CM cells present at E11.5 (approximately 6,000) and at E19.5 (approximately 120,000) it was concluded that this is a self-renewing nephron progenitor population [6] . A similar conclusion was reached via lineage tracing using the Cited1 promoter, another gene expressed in CM [10] . As such, the CM must undergo specification, self-renewal, and remain able to undergo nephron induction. Many questions remain as to how this is achieved. How is it that all renal vesicles arise in the same position with respect to the adjacent ureteric tip? How does a subset of the CM selfrenew while other CM cells are undergoing differentiation? Is this a homogeneous population of cells with proliferative and differentitive equivalence or are there sub-compartments within the CM either playing different roles or at different stages of progression from one state to the next? Finally, what perturbs these interactions such that nephrogenesis ultimately ceases and the CM is lost?
Defining the nephrogenic niche One way to envisage the CM is as a progenitor population residing within a supportive niche. The site of all nephron formation and ureteric tip branching is the periphery of the kidney in a region referred to as the nephrogenic zone (Fig. 1) . This region can be viewed as a series of individual progenitor populations, with each niche containing a CM nephron progenitor population, the accompanying ureteric tip progenitors, and the surrounding non-cap or noncommitted stromal progenitors. As in other stem cell Fig. 1 The progenitor niche within the nephrogenic zone of the developing mammalian kidney. A Diagrammatic representation of a section through a developing kidney showing the peripheral nephrogenic zone containing terminal tips of the branching ureteric tree (blue) surrounded by cap mesenchyme (red). B Progenitor niche comprising one branching tip (blue) surrounded by cap mesenchyme (CM; red) and Foxd1+ stroma. The location of Wnt9b and Wnt11 expression within the ureteric tip is indicated. Differentiation occurs in the 'armpit' of the branching ureteric tip, forming a pretublar aggregate and the epithelializing to form a renal vesicle. PA pretubular aggregate; RV renal vesicle. Key genes expressed in CM, PA, and RV are listed. Note the persistence of Six2 in the pretubular aggregate but not the RV. The first evidence of epithelialization is the expression of cadherins 4 and then 6. E-cadherin is not expressed in the RV (3) niches, maintenance of these progenitors will depend upon complex cell-cell and growth factor-ligand interactions between all partners. Reciprocal interactions between the CM and the branching ureteric tip have long been appreciated. These are complex and dynamic, and involve many different growth signaling pathways, including Wnt, BMP, FGF, TGF, GDNF, and SCF signaling (reviewed in [11] , [12] ). Growth factors including FGF8 and bFGF/ BMP7 act to maintain the CM [13] , while others such as Wnt4, LIF, and TGFβ2 are involved in epithelial differentiation to RV [14] [15] [16] [17] (note that studies on LIF have been performed in rat, not mouse). Each of these is expressed from a specific location within the niche. RA is present in the stroma [18] and in combination with Activin A has been shown to induce the formation of a pronephric field from animal cap ectoderm in Xenopus [19] as well as inducing the expression of key CM transcription factors, Pax2 and Wt1, when added to embryonic stem cells [20] . The ureteric epithelium expresses both Wnt9b and Wnt11, albeit in different sub-domains (Fig. 1) . Expressed throughout the branching ureteric tree, Wnt9b is required to initiate CM differentiation via FGF8 [15, 21] and Fgflr1 [22] . Subsequent induction of Wnt4 within the pre-tubular aggregates ensures a transition to epithelium, hence the loss of either Wnt protein results in a loss of nephron formation [23] [24] [25] . Wnt11 is expressed only at the very tips of the branching ureteric tree, adjacent to the CM [26] (Fig. 1 ) and appears to be involved in a positive feedback loop to promote GDNF expression in the CM, which in turn promotes the continued survival and branching of the ureteric tree [27] . A role for this Wnt protein in nephron formation has not been demonstrated.
The spatial segregation of growth factors and the differential pattern of expression of a large number of CM-enriched transcription factors would predict that the CM is not a homogeneous compartment. Spatially, cells within the CM progress from self-renewing progenitor to PA to RV as you move from the most distal CM, through lateral CM to the armpit of the adjacent branching ureteric tree (Fig. 3A) . This coincides with changes in relative , which gives rise to the nephric duct (ND), and the metanephric mesenchyme (MM). The ND gives rise to the collecting duct system, which is composed of two key cell types, principal cells, and intercalated cells. The MM specifies the cap mesenchyme (CM) and also gives rise to the stroma. The CM is the nephron progenitor population and differentiates in the renal vesicle via a mesenchyme-toepithelial transition. This structure immediately becomes patterned into distal and proximal RV, with the distal RV forming the connecting cells between nephron and collecting duct and the distal cell types of the nephron (distal tubules) and the proximal RV giving rise to the glomeruli and proximal tubules. The stroma is thought to give rise to the interstitial cells of the kidney, including the pericytes and possibly also the endothelial cells. However, there is also likely to be angiogenic ingrowth of endothelial cells. Neurons and macrophages are thought to migrate into the kidney from around embryonic day 12 in the mouse [90] Fig . 3 Temporospatial representations of cap mesenchyme specification, differentiation and the effect of niche architecture on growth factor gradients and gene expression. A Temporal representation of commitment of MM to CM and stroma, followed by CM differentiation and exhaustion of the CM at the end of nephrogenesis. B Diagram of the cap mesenchyme nephron progenitor population as it is aligned within the nephrogenic zone (left) and then linearized from distal tip CM to renal vesicle to illustrate the differences in concentration of two secreted morphogens, Wnt9b and Wnt11. C Section in situ hybridization of the developing mouse kidney at E15.5 and postnatal day 2 showing the heterogeneity of gene expression within the cap mesenchyme for Six2 and Cited1. D Immunohistochemistry for Bcl2 in the kidney shows specific protein staining within the cap mesenchyme (images courtesy of E. Wainwright) Wnt9b and Wnt11 concentrations, both in the distal to proximal axis and from the basement membrane of the ureteric compartment to the outer edge of the CM field (Fig. 3B ). This will also be the case for other growth factors secreted both from the tip and the surrounding stromal cells. The fact that the ureteric tip is not static, but continues to elongate and eventually branch again, means that this complex nephrogenic niche is temporospatially dynamic. Analyses of gene expression also provide evidence that the CM compartment is not homogeneous. Mugford et al. [2] spatially defined sub-compartments based upon gene expression within the Six2 + CM, thereby distinguishing between 'capping mesenchyme' (Cited1 
Cited1
-cells were proposed to have already transitioned towards epithelial differentiation. This distinction between sites of Six2 and Cited1 expression during kidney development is seen in Fig. 3C . Of note was the observation of overlap in this region between Wnt4 and Six2 expression, suggesting Six2 expression is not confined to the self-renewal phase. Hence, the true nephron progenitor compartment was redefined as the Six2
+ cells.
Specification of the cap mesenchyme
Given that the CM is not homogeneous but represents a cell population in transition, molecular regulation of four distinct processes is required: specification, self-renewal, survival and nephron potential. In other mesodermally derived hierarchies, such as blood, lineage-instructive transcription factors drive binary cell fate choices that can be mapped from the multipotent stem cells through to their varied progeny [28] . This dichotomous specification can be sustained by cross-antagonism between transcription factors that specify the alternative fates. Fate-mapping studies conducted by Mugford et al. [29] demonstrated that within the Osr1 + mesenchyme between E9.5 and E10.5 there are already at least two separate populations; FoxD1 + and Six2 + cells. These appear to represent stroma and CM. While there is evidence that Foxd1 expression persists in the absence of Osr1, while CM specification is lost, the loss of Six2 expression in these mutant mice does not prove a role for Six2 in specification [29] . Other transcription factors upstream of Six2, such as Pax2, are more likely to be critical at this binary decision point.
The Pax2 transcription factor is expressed in the intermediate mesoderm well before the commencement of kidney development. Pax2 is required for the formation of the nephric duct and continues to be expressed in the branching ureteric tree. While not expressed in the MM prior to the arrival of the UB, Pax2 is one of the first transcription factors to define the CM as distinct from the remaining mesenchyme [30] and has been assumed to play a role in specification [31] . However, there is debate about the onset of Pax2 expression. A loss of mesenchymal Pax2 expression in the developing kidneys of Danforth's short tail mutant mice results from the absence of induction of the outgrowth of the ureteric bud, and hence the loss of CM specification [32] . In mice null for Pax2, the mesenchyme is described as not competent to undergo MET [32] [33] [34] , again suggesting a loss of CM specification. However, it has also been reported that in the c-Ret knockout mouse, where once again no ureteric bud forms, Pax2 expression is still initiated within the MM [34] . The promiscuous involvement of Pax2 at so many stages and within so many different cellular compartments of the developing kidney begs the question of whether it is playing the same role or different roles at different times and places. It transpires that this DNA binding protein, via interaction with an adaptor protein, PTIP, becomes linked to the histone methyltransferase complex, thereby mediating alterations to chromatin domains [31, 35] . Hence, the resulting transcriptional profile will depend upon what part of the chromatin Pax2 is influencing at a given time. This is likely to be influenced by what other interacting transcription factors are present at the time and suggests a contextdependant role for Pax2.
There are many other key transcription factors expressed in the MM whose expression persists in the CM. These include Osr1, Sall1, Eya1, Hox11 paralogs, and WT1. Like Pax2, Osr1 and Eya1 have key roles in specifying the intermediate mesoderm and all play roles in nephric duct formation. All three genes are also expressed later in the CM. Eya1 has been proposed to be genetically upstream of Six1 and Pax2, which are thought to work together to induce Gdnf, thereby initiating the outgrowth of the nephric duct [36] . Other key players here are the Hox11 paralogs, Hoxa11, Hoxc11, and Hoxd11. These proteins are thought to complex with Pax2 and Eya1 to activate Six2 and Gdnf [37] .
Osr1, which initially specifies intermediate mesoderm from paraxial and lateral plate fates [38] , is nonetheless critical for CM specification and survival [29, 39] . Osr1 expression becomes restricted to the CM and Osr1 null mice fail to show expression of key CM genes (Pax2, Six2, GDNF, Eya1, and Sall1) [39] . In contrast, Osr1 is not required for the formation of the Foxd1+ stromal compartment despite being expressed in MM prior to the separation of these lineages.
Another homolog of the Drosophila homeobox gene "sinus oculis" [40, 41] , Six1, is expressed in the developing mesonephros and in the CM and is required for kidney development [42] . Loss of Six1 also disrupts mesonephric tubule formation. Six1 forms a transcriptional complex with Pax2 and Eya1 [36, 42] and a loss of Six1 does affect the expression of Pax2 and Six2 expression but not Eya1. The dual knockout of Six1 and Six4, both expressed within the CM, results in a loss of Pax2, Pax8 and GDNF expression [43] .
Sall1 expression is not restricted to CM, with expression seen also in the uncommitted mesenchyme and the early epithelial structures [44] 
+ CM had no effect on the survival or function of this subcompartment [46] . However, in both the Hox11 triple mutant and the Sall1 mutant mice the metanephric mesenchyme forms but the ureteric bud fails to invade and branch, leading to renal agenesis in both cases [44, 47] . In humans, mutations in Sall1 result in the Townes-Brocks syndrome of renal agenesis/dysgenesis. In mice, while the MM still forms in the absence of Sall1, there is no initiation of Six2 expression. Hence, Sall1 may be required for CM specification or play a lesser role in cap turnover. Additionally, ectopic anterior activation of Hoxd11 can activate Six2 expression, imposing a metanephric development pattern on the mesonephros [48] . This also suggests a role for Hoxd11 in CM specification.
Self-renewal and survival within the cap mesenchyme: two separable parameters While self-renewal of cells within the CM must occur in order to generate the vast number of nephrons present at the end of kidney development, how this is controlled is unclear. The gene most clearly associated with CM selfrenewal is Six2. Inactivation of Six2 in the developing kidney results in ectopic epithelialization and thus depletion of the CM [9] . This in turn results in the loss of a source of GDNF for the ureteric epithelium, resulting in a stunting of branching [6, 9] . Hapolinsufficiency for Six2 results in a reduction in nephron number, hypoplasia, and glomerulopathy [49] . Regulation of Six2 is not fully understood, however Six2 is known to be downstream of Hox11 genes during developing of both kidney and branchial arch mesenchyme. Here, Six2 regulation is mediated by a single enhancer element to which Hox11 binds [50] . Six2 expression is also likely to be downstream of Six1 and Sall1. It might be presumed that given only the Cited1+ fraction of the Six2-positive cells represents progenitors that Cited1 may also have a role in self-renewal. In contrast, a knockout of this gene did not show any apparent effect on nephron production [51] .
A recent study by Coulliard and Trudel [52] demonstrated that expression of c-myc is essential for normal kidney development. c-myc is expressed in the MM, CM, and pre-tubular aggregates, but is down-regulated upon epithelialization [53] . In mice, conditional inactivation of cmyc in the CM at E11.5 resulted in decreased cellular proliferation and a subsequent 35% reduction in CM cells by E18.5, however nephrogenesis still occurred. This indicates c-myc is not lineage-instructive but likely to regulate proliferation/self-renewal of the CM. While deletion of c-myc in early kidney development resulted in hypoplasia, c-myc deletion after E17.5 had no effect on self-renewal, suggesting a temporal variation in the relative importance of CM proliferation [52] .
While self-renewal is required to generate sufficient cells for nephron formation, survival of these cells is likely to be a separable attribute. Indeed, it has long been known that the survival of the mesenchymal portion of the kidney depended upon the arrival and continued presence of the ureteric epithelium. Hence, culture of the mesenchyme in the absence of UB resulted in apoptosis. Equally, the MM was shown to undergo apoptosis in the absence of the key MM-specifying genes, including WT1, Eya1, and Hox11. While an MM is present in WT1 knockout mice, loss of this gene results in a failure of the ureteric bud to arise. Consequently, the MM undergoes apoptosis [54] . The ureteric factor determining MM survival is not known. However, there is strong expression of Bcl2 confined to the CM (Fig. 3D) , suggesting that there is active suppression of apoptosis. This is likely to be downstream of signals from the ureteric tip or surrounding stroma but is not necessarily driving self-renewal.
Maintaining a population with renal epithelial potential
The final requirement for the CM is that it remains able to respond to the appropriate signals to form renal vesicles. Regulating the balance between self-renewal and differentiation into nephron epithelia is critical for determining nephron number. Early co-culture studies demonstrated that the ureteric bud could be replaced by a number of inducer tissues, including the spinal cord, and that in the presence of such inducing tissues, the mesenchyme was able to undergo epithelial transition. Subsequent studies identified Wnt proteins as the inducing signals [23, 25] . While loss of induction results in apoptosis, the CM can be rescued in vitro by the presence of a number of growth factors, including TGFβ2 [55] . However, such cultured CM loses its nephron-forming potential. Isolated mesenchyme can also be maintained as a long-term self-renewing mesenchymal population in the presence of bFGF and thrombin [56] .
We defined such cultures as 'nephrospheres' as they represented clonal, long-term self-renewing multipotent stem cells able to be serially passaged from floating spheres of cells. Here again, while a broad pan-mesodermal multipotentiality remained, the mesenchyme loses its nephron epithelial potential. Culture with TGFβ2 results in the formation of a blastemal and chondrogenic phenotypes, as is frequently observed in Wilms' tumors [57] , suggesting a misdirection of differentiation or loss of specification. As nephrospheres can be derived from Sall1-or Osr1-positive populations that will include CM, the loss of renal potential by these cultures may simply indicate that the CM component itself is selectively lost, leaving only the stromal progenitor population. However, the cells within these cultures are not Foxd1-positive. What these two studies do show is an apparent separation between survival and renal potential.
The architecture of any cellular niche is critical for the maintenance of somatic stem cells, including skin, intestine, and blood [58] [59] [60] . As with the CM, when removed from their specific niche environment and cultured in vitro, many stem and progenitor cells undergo cell death or spontaneously differentiate. During development, some progenitor cell populations are able to establish a temporary niche that is eventually lost, leading to the exhaustion of that embryonic progenitor population. This has recently been shown to be the case in the Drosophila larval midgut, where establishment of a temporary niche during development maintains the progenitors until the permanent intestinal stem cells of the adult are established [61] . It would appear that during kidney development, the CM also resides in a transient niche defined by the surrounding ureteric tip and stoma and that removal from this niche results in the loss of progenitor potential.
Cessation of nephrogenesis and nephron progenitor exhaustion
In mammals, nephron formation is an embryological phenomenon and does not occur in adults. Cessation of nephrogenesis occurs around gestational week 36 in humans, after which time no new nephrons are formed. In the mouse, the last CM markers disappear around postnatal day 3 (P3) [7] . During this period of time, the tips lose their normal ampullary shape and renal vesicles begin to form around the end of the tip [7] . Six2 expression at this point in time is present in structures that are clearly in the process of forming nephrons and fusing with the adjacent tips (Fig. 3C ). Studies in mouse have shown that the exhaustion of the CM does not occur via selective apoptosis, nor does it involve the differentiation of CM into FoxD1 + stromal precursors. What does appear to happen is a global commitment of remaining CM to epithelial differentiation [7] . Cessation of nephrogenesis may be viewed as an active process or passive exhaustion. Active cessation of nephrogenesis suggests a threshold or a binary decision such that at a given point in time the signals from around the CM either trigger differentiation and/or the signal to 'selfrenew' ends. Such an active process may be triggered by signals from the tip or surrounding stroma. As there is no obvious physiological association with the timing of cessation (varies from species to species), such a trigger may simply arise due to alterations in growth factor concentrations within the niche as a result of changes in spatial arrangement over time. As birth approaches, the number of stromal cells between the CM and the renal capsule reduces. The resulting changes in growth factor signaling may be enough to eliminate self-renewal or trigger differentiation of the CM.
Another way to envisage cessation of nephrogenesis is as passive exhaustion. In this model, self-renewing stem cells represent a subpopulation of the CM, with the remainder of the CM population representing a transit amplifying population without the self-renewal properties of the stem cell fraction of the CM. If the capacity for any given cap to survive rests on the presence of such a cell, nephrogenesis would cease when the size of any given cap population became too small to contain a self-renewing (stem) cell. In the mouse, existing data does suggest that the overall number of CM cells per tip is actually declining as development proceeds, with approximately 6,000 cap cells per tip at E11.5 and 120 per tip at E19.5 [6] . This view predicts that if there was an increase in either the number of such stem cells per cap or their rate of self-renewal, nephrogenesis would be prolonged. This would not be the case if cessation of nephrogenesis is actively triggered. The argument against this model is the paucity of evidence for conditions under which nephrogenesis can be prolonged, although this may have simply been overlooked.
Redefining the renal stem cell of importance There has been growing interest over the last decade in the possibility of identifying a renal stem cell in the postnatal kidney so as to develop novel regenerative approaches to the treatment of kidney disease. From the discussion here, and from the pathological observations over decades, it is evident that no new nephrons form after birth and that the embryonic nephron progenitors that give rise to the functional units of the postnatal kidney do not persist in the adult kidney. This is supported by the fact that the culture conditions able to sustain the embryonic mesenchymal progenitors failed to support the growth of any postnatal renal population [56] . In addition, Humphreys et al. [62] have shown that renal turnover in response to acute damage does not involve the recruitment or epithelialization of any non-epithelial cell type. All cellular turnover in response to damage occurred within cells of the nephron [62] . While these epithelial cells are all derived from a common embryonic nephron progenitor population, the fact that that population no longer exists raises the question of the pertinence of understanding the origin of the nephron itself. However, it does remain possible that a hierarchy of epithelial progenitors, acting in normal tubular repair or able to be facultatively recruited under specific circumstances, also exists in the adult kidney.
There is tremendous variability in the total number of nephrons present in an adult human kidney (200,000 to 2 million per kidney) [8, 63] and it has been shown that both environmental and genetic factors can affect how many nephrons are formed [64] . In turn, low nephron number is a contributing factor in the development of hypertension and renal disease [65] [66] [67] . In numerous models in which the fetus is exposed to a suboptimal uterine environment, including maternal undernutrition [68] , uteroplacental insufficiency [69] , or glucocorticoid exposure [70] , nephron number is reduced, which is often associated with hypertension in the adult. This leads to hyperfiltration of remaining glomeruli, which in turn leads to glomerular damage and sclerosis [64, 67] . In humans, low birth weight, as a result of intrauterine growth retardation (placental insufficiency, cord compression, maternal anemia, or drug abuse) and premature birth, correlate strongly with reduced nephron endowment [8, 71, 72] . These individuals are at particular risk.
Were it possible to prolong nephrogenesis in such fetuses, this could have profound effects on long-term health for the individual and the health burden of hypertension and renal failure of the population as a whole. Evidence that this may be feasible comes from the sheep, in which it has been reported that the removal of one kidney (uni-nephrectomy) from sheep fetuses at 100 days of gestation (term=150 days) resulted in a significant degree of compensatory growth and nephrogenesis in the remaining kidney by birth [73] . Of particular importance was the observation that involved a prolongation of nephrogenesis in utero resulting in an almost doubling of nephron number (530,000 glomeruli) in comparison to a normal sheep kidney (365,000 glomeruli) [73] . This suggests that prolongation of nephrogenesis is possible but does not explain how this has occurred.
While no longer present in the postnatal kidney, analyses of human fetal kidneys both confirms the conservation of expression of CM markers between human and mouse as well as demonstrating the capacity to isolate such cells from human fetal material based upon the cell surface markers Ncam and Fzd7 [74] . Such material may form the basis for bioengineering. In addition, with the progress being made in the stem cell field, regeneration of CM from exogenous sources, such as embryonic stem cells or via the reprogramming of differentiated cells, is potentially feasible. Directed differentiation of human embryonic stem cells to specific cells types of all three lineages has been reported. This has included the generation of neurons, oligodendrocytes, beating cardiac myocytes, hematopoietic and pancreatic progenitors [75, 76] . In the majority of cases, defining the protocol for directing such differentiation has drawn on an intimate understanding of the embryological development of that cell type in vivo. Kidney is a mesodermal derivative, sharing with other mesodermal tissues including blood, a mesendodermal origin. Mileposts between mesendoderm and nephron progenitor include definitive mesoderm, intermediate mesoderm and metanephric mesenchyme with each step requiring unique growth factor combinations to induce appropriate specification (Fig. 4) . Fully defining the genetic regulation of CM specification and how this is induced during kidney morphogenesis may allow the directed differentiation of hES cell in culture to this tissue type. Fully defining the environment then required for this population to self-renew and remain committed to a nephron epithelial fate would also be needed. Another approach would be the reprogramming of an adult cell type to a CM phenotype. This would require the enforced expression of lineage-instructive transcription factors, including those required for specification of the CM in vivo (Fig. 4) . Reprogramming from adult fibroblast to induced pluripotent stem cell is now feasible via the reintroduction of as few as four key transcription factors [77] . The enforced expression of key transcriptional regulators has also been shown to facilitate reprogramming from one differentiated cell type to another [78] [79] [80] . If a given progenitor phenotype has a stable enough phenotype and can be provided with the extrinsic requirements to support this phenotype, it should also be possible to reprogram any differentiated cell into a specific progenitor. Again, for reprogramming to a CM phenotype, a clear understanding of the niche requirements and transcriptional state that defines the nephron progenitors will be required.
The in vitro generation of CM is not likely to assist in cases of reduced nephron endowment. However, a greater understanding of the regulation of the niche itself may allow us to modify the process of nephrogenesis in situ such that cessation of nephrogenesis is delayed.
Reinitiation of nephrogenesis
One major challenge to the regeneration of nephron progenitors includes identifying a successful endpoint. For any population to be regarded as CM, it should be specified, able to self renew, able to support tip branching and able to differentiate appropriately. As culture of isolated CM in vitro has not been achieved without a loss of phenotype, knowing when CM has been generated and maintaining it in that state is difficult. In the absence of such conditions, an in vivo or ex vivo assay of renal progenitor potential is required. The renal field lags considerably behind other stem cell fields in the lack of definitive progenitor assays. The most convincing of these to date has involved the incorporation of a test cell population into a developing organ, either via the microinjection into kidney explants [81] or developing embryos [82] . In this way, Yokoo et al. [82] demonstrated the capacity of GDNF-transfected MSC populations to replace MM. More recently, we have used a recombination approach to show the successful integration of freshly isolated CM into a developing mouse kidney ex vivo. What would be preferable for a screen would be the incorporation of our knowledge of the nephrogenic niche into an in vitro environment able to support specification, self-renewal, survival, and renal differentiative potential. This may be feasible in the form of a micro-bioreactor.
If a nephron progenitor population could be generated and cultivated, could nephrogenesis be reinitiated in situ for the treatment of renal disease in adult life? This is the scenario that exists in the mesonephroi of some lower vertebrates. After nephrectomy in the cartilaginous skate Leucoraja erinacea, both the injured and the contralateral kidneys undergo de novo nephrogenesis via mesenchymal condensation followed by MET [83] . This process does not result from dedifferentiation of epithelial cells, but rather from the maintenance throughout adulthood of a persistent nephrogenic mesenchymal blastema located at the ventrolateral portion of the skate kidney. Reports in other teleost fish, such as goldfish [84, 85] , catfish [86] , zebrafish [87] , and Medaka [88] describe similar regeneration in response to various nephrotoxins. This response is biphasic, with an initial phase proliferation of existing epithelial cells (as in mammals), followed by a second phase of repair that involves de novo nephrogenesis very similar to normal nephron development [89] . Watanabe et al. [88] reported a significant increase in the number of Wt1 + clusters in Medaka mesonephros at 14 days post-injury, which corresponded to an increase in the number of developing nephrons observed histologically [88] . Such de novo nephrogenic responses appear robust. Salice et al. [85] challenged individual goldfish with repeated gentamicin exposure and observed de novo nephrogenesis after every injury. Hence, this response is not a last resort but is a bonafide repair mechanism amongst fish utilizing a selfrenewing progenitor field that appears to have been lost in higher vertebrates. In mammals, the postnatal kidney is the metanephros and not the mesonephros. However, Hartman et al. [7] , in their study of cessation of nephrogenesis, did suggest that while the CM has exhausted, the remaining ureteric tips could still respond to exogenous embryonic CM. Hence, while no such nephrogenic zone exists in postnatal mammalian kidneys, it is not known whether reintroduced CM introduced post-injury could act autonomously to reinitiate nephrogenesis in a similar way. In situ reprogramming within the postnatal pancreas has already demonstrated a capacity to re-specify exocrine pancreatic cells into insulin-secreting, glucose responsive beta-islet cells [80] . Such an in vivo re-specification would overcome the need to recreate the environment of the nephrogenic niche, but would continue to require a responsive ureteric compartment, without which any neo-nephrons would have no patent connection to the collecting duct system.
In conclusion, our understanding of the nephron progenitor population within the developing kidney has advanced considerably. However, the intricate interplay between this compartment and its surrounding niche, and its interrelationship with the ureteric and stromal progenitor populations, has much left to reveal. With greater understanding, the possibilities for reinitiation or prolongation of nephrogenesis will expand, potentially changing forever our approach to renal disease prevention and treatment.
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